Polarized neutron reflectivity and scanning electron microscopy with polarization analysis are combined to determine the magnetic structure of Co(6 nm)/Cu(6 nm) multilayers. These data resolve a controversy regarding the low-field state of giant-magnetoresistive (GMR) multilayers with weak coupling. As-prepared samples show a strong antiparallel correlation of in-plane ferromagnetic Co domains across the Cu. At the coercive field, the Co domains are uncorrelated. This irreversible transition explains the decrease in magnetoresistance from the as-prepared to the coercive state and indicates that the as-prepared state best represents the antiparallel configuration assumed in GMR analysis. For both states, the Co moments reside in domains with inplane sizes of § P
The combination of polarized neutron reflectivity (PNR) and scanning electron microscopy with polarization analysis (SEMPA) represents a powerful tool for studying magnetic order in materials with buried magnetic layers, such as multilayers composed of alternating layers of ferromagnetic and nonmagnetic metals. PNR probes the order of the entire sample, while SEMPA produces a direct image of the magnetic domain structure within one magnetic layer at a time. In this letter, we report the successful use of PNR and SEMPA to resolve a controversy in giant magnetoresistance (GMR) in Co/Cu multilayers.
The resistance (R) of a GMR multilayer greatly decreases when an external field (H) reorients the inplane magnetization of the ferromagnetic layers parallel (P) to each other [1] . The magnetoresistance, MR(H) = [R(H) -R(P)]/R(P), is largest for systems in which R(H) at a low field is associated with antiparallel alignment of adjacent ferromagnetic layers. Theoretical analysis has focused upon this maximum MR [2] .
Increasing the thickness of the non-magnetic layer, t n , can lead to an oscillation between antiparallel and parallel states with respectively large and small MR [3] . The strength of the exchange coupling between the ferromagnetic layers decreases with increasing t n . For weak interlayer coupling (t n > 4 -5 nm), the magnetoresistance MR(0) for the asprepared multilayer is often larger than the maximum value at the coercive field MR(H C ) after saturation [4] . MR(0) usually cannot be restored by field cycling or by demagnetization [5, 6] . Because MR(H C ) reproduces upon cycling, most investigators have assumed that it approximates the antiparallel state [7] .
We have performed PNR and SEMPA measurements on Co/Cu multilayers with Cu layers thick enough (t Cu = 6 nm) that the exchange coupling between the Co layers is weak. We find that MR(0) originates from strong antiparallel correlations among the Co domain magnetizations across the Cu layers. In contrast, MR(H C ) and MR after demagnetization are both associated with uncorrelated domains in adjoining Co layers. In the as-prepared state, the antiparallel correlation occurs within small comumnar Co domains with an average in-plane size of 0.5 -1.5 :m. The domain size is essentially unchanged at H C and after the sample is demagnetized.
We focus on a multilayer of nominal composition [Co(6 nm)|Cu(6 nm)] 20 , but supporting results were obtained on additional samples. The sample was sputtered onto a 1 x 1 cm 2 Si substrate as described elsewhere [8] . Specular x-ray reflectivity confirms that the Co and Cu layers are well modulated. The field dependence of the magnetization and magnetoresistance was measured at room temperature for a ''twin'' sample grown at the same time.
SQUID (Superconducting Quantum Interference Device) magnetometer measurements indicate that the Co moments preferentially lie in the layer plane. The magnetization saturates in an inplane field < 200 Oe. As shown in Fig.1 , the room temperature current-in-plane MR(0) is 6.6%, whereas MR(H C ) is only 4.0%. This ratio of MR(0)/MR(H C ) typifies those of sputtered Co/Cu multilayers with similar Co and Cu thicknesses both at room temperature and 4.2 K [4] .
We performed PNR studies at room temperature on the NG-1 reflectometer at the NIST Center for Neutron Research. These data are sensitive to the size, in-plane orientation and relative interlayer alignment of magnetic domains in buried layers [9] [10] [11] [12] . For specular and diffuse (i.e., off-specular) experiments, we measured all four cross sections, (--), (+ +), (+ -) and (-+). (The + and -signs indicate polarizations of the incident and scattered neutrons parallel or antiparallel to the external field.) The (--) and (+ +) non-spin-flip (NSF) data depend on the chemical structure, as well as the projection of the inplane magnetization parallel to the applied field. The (+ -) and (-+) spin-flip (SF) cross sections arise solely from the projection of the in-plane magnetization perpendicular to this field [9] . We note that the efficiencies of the NG-1 neutron polarizers were > 95% in external fields as small as 1.5 Oe. Figure 2 shows total reflectivity scans along the Q z direction relative to the diffuse scattering for the [Co(6 nm)|Cu(6 nm)] 20 sample in the as-prepared state (a) and at the coercive field, H C (b). In both cases, the NSF total reflectivity data have a firstorder structural superlattice peak at Q z = 0.057 Å -1 § , where d = 11.4nm is the bilayer repeat distance. originates from discrete domains spread over the layer plane [12, 13] . The in-plane direction of these domains within the sample plane is likely random since the magnetic intensity is evenly distributed in all four cross sections. The as-prepared state thus has ferromagnetic, in-plane domains that are oriented antiparallel across the intervening Cu layers, as depicted in the inset of Fig. 2 (a) .
In Fig. 2 (a) , the SF scattering at the first-order position exceeds the amount expected due to the finite efficiencies of the polarizers. A fit to the data indicates that the excess scattering results from a small fraction (< 3%) of the total Co moments in the sample that are aligned parallel across the intervening Cu. Since data for comparable Co/Cu and Co/Ag samples [14] showed no SF scattering at the firstorder position in the as-prepared state, the dominant antiparallel Co configuration is undoubtedly responsible for the maximum MR(0) in Fig.1 . We surmise that the detailed nature of the as-prepared state can vary with growth and storage conditions.
In accord with the magnetoresistance data in Fig.  1 , application of a field irreversibly destroys the antiparallel order. The half-order reflection in Fig. 2 (a) disappeared when the sample was saturated in a -375 Oe field and, as shown in Fig. 2 (b) , it did not reappear when the sample was taken to the coercive field (H C = 54 Oe). (Also, the magnetic SF scattering at first-order is greatly reduced.) Instead, diffuse magnetic scattering (i.e., in the SF cross sections) is distributed over a wide range of Q z values between 0.02 Å -1 and 0.05 Å -1
. In the coercive state, the Co moments in all samples seem to order in domains with small in-plane dimensions that are not magnetically correlated with adjoining Co layers [inset Fig. 2 (b) ]. The consequence is that MR(H C ) is less than MR(0). Moreover, demagnetizing the sample yielded zero-field PNR data resembling the coercive-state data in Fig. 2 (b) .
The initial antiparallel configuration was not restored by either field cycling or demagnetization.
The strong antiparallel interlayer ordering in the as-prepared state was confirmed by SEMPA with ion milling, which allows direct imaging of the magnetic domain structure in successive Co layers of the asprepared sample. By measuring the secondary electron spin polarization in a scanning electron microscope, SEMPA can sense the surface magnetization and, simultaneously, the topography of a magnetic sample [15] . In situ ion sputtering using 2 keV Ar + ions was used to clean and depth profile the sample. Figures 3 (a) and (b) are SEMPA images of the magnetization and topography, respectively, of the outermost Co layer after removing the protective Cu overlayer. The SEMPA topographic image reveals reveals structural grain sizes that are about 0.1 P ,Q FRPSDULVRQ )LJ D VKRZV LUUHJXODU magnetic domains with feature sizes generally on the order of a micron, along with Nèel-like domain walls about 0.2 P ZLGH ZLWK UDQGRP chirality. We note that the magnetization within the domains in the imaged region is predominantly aligned along one direction, but this uniaxial anisotropy is not evident in the PNR measurements which probe the entire sample area. It is thus possible that the anisotropy direction varies with lateral position. Figure 3 (c) shows a SEMPA image from the second Co layer after removing the top Co and Cu layers. The domain structure of this layer is strongly anti-correlated with that of the outermost layer in Fig.  3 (a) . The anti-correlation even extends to such small features as the domain walls, which preserve chirality in the adjoining layer. 
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Because SEMPA can not be used in a field, we could not image the sample at H C . Instead, we examined it after demagnetization, which, as shown by PNR, produces a state analogous to the uncorrelated coercive state of Fig. 2 (b) . A histogram of the SEMPA data reveals that the magnetizations of the top two Co layers are uncorrelated, as expected. Figures 3 (a) and (b) indicate that the average domain size in a local region of the sample is of micron order. This value matches that obtained from PNR, which probes the entire sample. Figure 4 shows SF data for transverse Q x scans centered at the half-order position (Q z = 0.0314 Å -1 ) [Co(6 nm)|Cu(6 nm)] 20 in the as-prepared, coercive and saturated states. (The NSF data are similar.) The as-prepared and coercive data in Fig. 4 are composed of a sharp specular reflection at Q x = 0 Å -1 on top of a broad, diffuse peak. Dips are centered at the sample angles S = 0 and S = 22 where either the incident or scattered beam is parallel to the sample face and is thus reflected (or refracted) out of the sample or detector respectively. Since the SF cross section is purely magnetic in origin and the instrumental polarization efficiency is >95%, the diffuse scattering principally originates from magnetic, rather than structural, features within the sample plane. This conculsion is supported by the decrease of the SF scattering to background levels when the Co moments are aligned in a saturation field of 400 Oe (Fig. 4) . We believe that these data are among the best examples of magnetic diffuse scattering from buried layers obtained by either neutron reflectivity [11, 13, 16] or x-ray resonant scattering [17] techniques.
The full-width of the SF diffuse peak is inversely related to an in-plane magnetic correlation length, which generally corresponds to an average domain size [12] . A fit of the peak in the coercive state data (Fig. 4) to a Lorentz function gives an estimated length of 0.5 -1.5 µm in good agreement with the SEMPA data in Fig. 3 . Since the overall width of the diffuse data for the coercive state and the as-prepared state are similar, the magnetic correlation lengths for the [Co(6 nm)|Cu(6 nm)] 20 sample are nearly the same in these two states.
However, subtle differences in the two lineshapes suggest that the details of the in-plane magnetic structure are sensitive to field history. For example, the central specular peak at Q x = 0 Å -1 is quite pronounced for the asprepared state relative to the coercive state. In the asprepared state, small, micron-order domains coexist with larger domains (i.e., in-plane dimensions P WKDW DUH DOLJQHG antiparallel along the growth direction. The latter disappear upon field cycling and can not be restored, even after demagnetizing the sample.
As to the origin of the magnetic ordering in the as-prepared state, we speculate that dipolar interactions arising from the fields at the edges of the micron-sized domains in one Co layer may be strong enough [11] to induce local antiparallel alignment of the growing domains in the next Co layer. The resulting structure consists of columns of domains within which the Co layer magnetizations, and even the domain wall directions [Figs. 3 (a) and (c)], are aligned antiparallel. Once a layer is complete and continuous, the dipolar forces become secondary relative to intralayer exchange coupling and domain wall pinning due to structural defects. After field cycling, these interactions inhibit the development of antiparallel alignment as the Co magnetization relaxes In summary, we have characterized the magnetic structure of a Co(6 nm)|Cu(6 nm) multilayer with weak interlayer coupling using the complementary techniques of PNR, which simultaneously probes all Co layers, and SEMPA, which examines one Co layer at a time. Together, these measurements reveal that the average in-plane domain sizes in the asprepared, coercive and demagnetized states are all approximately 1 P 7KHVH GRPDLQV KDYH VWURQJ 
